Abstract-Fabry-Perot antennas (FPA) achieve high broadside directivity due to the simultaneous excitation of a pair of nearly degenerate TE/TM leaky-wave modes using a partially-reflecting surface on top of a ground plane. This partially-reflecting surface can be obtained using a dielectric superstrate or via a capacitive or inductive metasurface (MTS). By using an equivalence between the conventional dielectric superstrate and the MTS-based structures in terms of the dominant TE/TM modes, we show that the use of inductive grid MTSs leads to a directivity enhancement. A higher roll-of in the radiation patterns is achieved as a result of the intrinsic suppression of the spurious leaky wave mode. This suppression is mathematically demonstrated and validated with full-wave simulations. The achieved improvement in more than 1 dB for inductive strip grid based MTS with respect to dielectric based super-layers, for the same frequency band of 2.5%, is verified with measurements. Two prototypes, with the dielectric superlayer and inductive strip grid based MTS, have been fabricated and measured supporting the claim of this work.
I. INTRODUCTION
T HE use of partially reflecting surfaces on top of a ground plane to enhance the directivity of small antennas has been considerably studied in literature [1] - [11] . This type of antennas are typically referred as leaky wave antennas (LWAs) [2] - [5] , electromagnetic band-gap (EBG) antennas [7] , Fabry-Perot antennas (FPA) [8] and even resonant cavity antennas [11] . Hereinafter, we will refer to these antennas as LWAs. LWAs make use of a partially transmissive resonant structure [2] which can be made of a thin dielectric superstrate [2] , [9] , [10] or by using inductive-or capacitive-metasurfaces (MTS) [4] - [8] , [10] - [14] . Fig. 1 shows three examples of these topologies placed on top of a waveguide opening. Recently,
Fig. 1. LW waveguide antenna using (a). a dielectric superstrate with permittivity , (b). an inductive strip grid based MTS and (c). a capacitive slot grid based MTS. The periodicity of the MTS is , whereas
indicates the strip width. We refer to capacitive MTS when the strips are aligned to the H-plane and to inductive MTS when the strips are aligned to the E-plane.
LWAs have gained interest for future Ka-band telecommunication satellites due to their potential to create overlapping radiating areas in focal plane arrays with a single feed per beam [15] , [16] . Telecommunication space industries are currently interested in developing future thinned arrays with limited scanning ranges for the Ku-band. Besides other possible approaches based on sub-arrays, there is the interest to investigate the potential of LWAs for this application since they would lead to directive array elements even if the array periodicity is large [17] . In [18] , a theoretical study demonstrated the potential of using LW based thinned arrays showing an improved scanning performance with respect to thinned arrays based on free space directive horns. In this study, a direct relationship with the mutual coupling level (directly related to the dielectric constant of the LWA superlayer [19] ) and the optimal thinned array spacing was presented. Future telecommunication thinned arrays will operate with spacing of and a relative frequency bandwidth of 1.7% at Ku-band (14.25-14.5 GHz) with a maximum scanning angle of . This scenario, following the study in [18] , would require a dielectric superlayer with . In this work, we investigate which partially reflecting surface, dielectric superstrate or MTS is the most appropriate for this scenario.
The physical phenomenon exploited, in this type of antennas, to achieve high directivity from a point source is the excitation of a pair of nearly degenerated leaky wave modes. These modes propagate in the resonant region by means of subcritical multiple reflections between the ground plane and the superstrate/MTS, while partially leaking energy in free space. The amount of energy radiated at each reflection is related to the LW attenuation constant and can be controlled by the MTS sheet-impedance or the dielectric constant. For a detuned structure at frequency above the resonant frequency, the far-field radiation pattern exhibits conical shape which eventually degenerates in a pencil beam at the frequency where the real part and imaginary part of the complex leaky wave wavenumber are equal. This occurs almost at the same frequency for both a and a mode. For the dielectric superlayer, the maximum directivity at broadside is achieved at the resonant condition, i.e., the thickness of the resonant cavity is , and that of the superlayer is , [2] . Under this condition, the couple of TE/TM leaky wave modes can propagate with same phase velocity, creating a nearly uniform phase distribution in the aperture. It has been seen that the generated aperture field is also very well polarized, due to a compensation effect between the TE and TM modal tangential field components [20] . However, this type of LWA also generates an undesired spurious leaky-wave mode, conceptually associated with the TEM mode of the perfectly conducting walls parallel plate waveguide [19] . This mode radiates near the Brewster angle creating spurious lobes in the E-plane reducing the beam efficiency. In this paper, we show that inductive strip grid based MTS leads to higher directivity enhancement in equivalent LWAs by virtue of the suppression of this leaky wave mode while maintaining the same frequency bandwidth. In an inductive strip grid based MTS, this leaky wave mode is transformed into a surface wave (SW), whereas the capacitive slot grid based MTS and dielectric superstrate do support the leaky wave mode. The effect of this mode can be attenuated by using a double slot feed [19] , [21] . Even when this slot feed is used, the strip grid based MTS leads to the highest directivity for the same frequency bandwidth. Other type of MTSs, such as artificial dielectrics made of patches [22] , do not alter the mode of the hosting stratification, however they lead to lower directivity enhancement because they introduce asymmetries in the propagation constants of the main TE/TM modes [23] .
For array applications, it is important to maximize the directivity of the LWA at the largest possible bandwidth and keeping the mutual coupling levels in the order of dB, both (directivity and mutual coupling), are proportional to the mode wavenumber [19] , [24] . In this paper, we investigate three LWA based on dielectric superstrate, inductive strip grid based MTS, and capacitive slot grid MTS with comparable same mode wavenumbers that match the specifications required for future telecommunication thinned arrays. We demonstrated both by full wave simulations and prototype measurements that inductive strip grid based MTS leads to higher directivities than the other two structures.
II. ON THE EQUIVALENCE BETWEEN LWAS
In this section, a theoretical comparison with the three types of LWA shown in Fig. 1 is presented. For this purpose, we will investigate how the PRS structures alter the radiation from an elementary magnetic source on an infinite ground plane. A dielectric superlayer or MTS will be located on top of the ground plane at a certain height, or , respectively. The dielectric superlayer is characterized by a dielectric constant and thickness . The MTS will be made of metal strips of width and periodicity (fixed to in this paper) for simplicity in their analysis since there is an analytical closed form expression for their reactance [25] , [26] . This also means that the main parameter determining the properties of these LWAs is the complex transverse propagation constant , of the and modes. Considering LWAs designed for broadside directivity enhancement, a smaller propagation constant (real and imaginary parts) implies higher directivity, but also smaller bandwidth and higher mutual coupling between two closed antennas placed under the same partially reflecting surface. The maximum power density at broadside for a small propagation constant occurs when [23] . Therefore, when comparing different LWA configurations, an equivalence should be set by equalizing the corresponding propagation constants.
A. Equivalent Modes
The leaky wave propagation constants are the solutions of the dispersion equation associated with the equivalent TE and TM transmission lines [9] . For the geometries under investigation here, the equivalent transmission lines are shown in Fig. 2 . When the periodicity of the MTS is small compared to the wavelength, their electromagnetic properties can be represented by a purely imaginary shunt impedance [27] . We report the closed form expression for the impedances of the capacitive slot grid and inductive strip grid based MTS [25] since it would be necessary to derive analytical solutions of the dispersion equation: (4) where for and is the free space wave impedance.
The dispersion equation associated to these equivalent transmission lines is the following: (5) where for the dielectric case and for the MTS.
represent the TE or TM impedances ( and ), or and . Therefore, the leaky wave propagation constant greatly depends on the load impedance, at the top of the cavity as shown in Fig. 2 . The dispersion equation, once the geometry is known, can be solved numerically to find the leaky wave propagation constants. However, for design purposes, it is more convenient to have analytical approximate formulas to compute these constants. These formulas can be used to impose that equivalent LWAs have the with the same propagation constants as proposed in [28] , as well as to demonstrate that only the inductive strip grid based MTSs do not support the leaky mode, independently of the geometrical parameters. In [9] , a methodology to derive these formulas for the modes was proposed for dielectric based LWA and extended in [28] to MTS based LWA. The fundamental step was recognizing that the tangent function can be linearly approximated around its zeroes for arguments in the neighborhood of . Using this approximation the dispersion equation will be: (6) Note that when the cavity load impedance will be equal to zero, this equation will give the propagation constants of the modes in a parallel plate waveguide (PPW) of thickness . In order to make this equation analytical for the in the TE and TM modes, the load impedance can be approximated by its value around broadside, therefore for the dielectric superstrate or for the MTS. By substituting these approximations into (6), one arrives to compact formulas for the modes of LWAs [9] , [28] . Then by equalizing both real and imaginary parts of the propagation constants, one can derive expressions for the MTS impedance and cavity height as a function of the parameters of the equivalent dielectric based LWA [28] . The expressions are reported here for convenience:
Figs. 3 and 4 show the and dispersion diagrams for the three equivalent geometries under investigation, i.e., dielectric superstrate (blue line), inductive strip grid based MTS (red line) and capacitive slot grid based MTS (black line). All curves are calculated for equivalent superstrate permittivity (continuous line) and (dashed line). The equivalent inductive strip grid based MTS has and must be located at a height of whilst the capacitive slot grid based MTS has and needs to be placed at a height of for whilst and for . It can be observed that the equivalent geometries present comparable solutions of the dispersion equation around the operating frequency at which maximum broadside radiation occurs. A larger discrepancy is observed for lower dielectric constants since the approximate analytical formulas lose accuracy for lower contrast as pointed out in [9] . Table I gives the numerical solutions of the dispersion equation of the three equivalent LWAs for at the central frequency. 
B. Analytical Dispersion Equation Solution for the Mode
Following similar steps, a formula can also be obtained for the TM mode. In this case, the TM dispersion equation becomes: (9) In a PPW, the TEM mode has the electric field oriented along and therefore its transverse propagation constant is . To derive an analytical formula for the leaky wave mode, we can approximate the load impedance by its value around . The steps for this derivation are summarized in Appendix I for the cases shown in Fig. 1 . The final formulas are reported here:
The associated transverse propagation constant can be easily calculated by using . From these equations, we can see that the inductive strip grid based MTS is the only configuration which does not support a leaky wave, independently of the MTS geometrical parameters. This is because, the mode is mainly z-polarized and the strips are nearly transparent for this polarization. The mode in this inductive MTS is transformed into a surface wave (SW) that will only alter the radiation pattern by diffraction at the edges of the structure. The impact on the radiation pattern of both a leaky mode and a surface wave can be reduced by introducing a spectral null at [19] , [21] . However, as it will be shown in Section III, the inductive MTS still leads to the highest directivity enhancement. We will see next how this implies that the radiated field generated by the inductive strip grid based MTS has a larger roll-off than the one radiated by the dielectric and capacitive based LWAs. Comparison of theoretical radiation patterns for the equivalent structures described in Fig. 1 at .
Figs. 5 and 6 show the exact and approximate solutions of the dispersion equation for the mode for the same cases than in Figs. 3 and 4 . Once again, the accuracy of the analytical formulas is higher for higher contrast since the solution get closer to the PPW ones. The exact solution for the mode is also given in Table I .
C. Theoretical Far-Fields
Next we investigate the radiated fields in the far-field by the three equivalent LWAs. These patterns can be obtained resorting to a rigorous spectral Green's function approach [24] . Figs. 7 and 8 show the radiated fields for an elementary source at central frequency in E-and H-plane, respectively, for the same structures described in Figs. 3 and 4 . An important consequence of the suppression is observed in the E-plane. In fact, for the dielectric case the existence of the mode causes a side lobe in an angular direction close to the Brewster angle. For the capacitive slot grid based MTS, the effect of the is also observed, but at a slightly larger angle. For inductive strip grid based MTS, this peak disappears, with the consequent increase of directivity. Fig. 9 shows the estimated directivity as a function of the frequency for the three equivalent LWAs for the denser contrast Comparison of theoretical radiation patterns for the equivalent structures described in Fig. 1 at . Fig. 9 . Directivity as a function of the frequency for the equivalent LWA starting from . The dielectric LWA bandwidth is %, whilst the bandwidth for the inductive and capacitive-based LWAs is 3.7% and %, respectively.
case of Figs. 7 and 8. As it can be appreciated, the inductive solution improves the directivity in almost 1 dB over the frequency band with respect to the dielectric solution. It is also important to notice that the calculated frequency bandwidth of the LWAs, defined here as when the directivity decays 1 dB from the maximum, is the same for the three structures (the precise values are given in the figure caption).
III. LWA DESIGNS FOR ARRAY APPLICATIONS
In this section, we present three antenna designs based on the geometries shown in Fig. 1 that could be used for the application scenario described in the introduction. The three equivalent solutions take as baseline a dielectric constant and fulfill the equivalence condition derived previously. In contrast with the previous section, here the structures have been analyzed using a commercial software [29] including a waveguide source and a finite ground plane/superstrate ( by side). The effect of the can be reduced by using a double slot opening in a ground plane as proposed in [19] , (see Fig. 10 ). In the inductive strip grid based MTS case the double slot iris is used to avoid the power loss related to the SW. Therefore it is important to understand if the directivity increase for the inductive strip grid based MTS is still achieved with respect to a well-designed dielectric . The squared waveguide has a length of by side. Fig. 11 . Directivity as a function of the frequency for the equivalent structures described in Fig. 1 . The waveguide dimension is and the width of the iris has been fixed to mm whilst the diameter of the iris has been fixed to of each case (10.73 mm, 10.43 mm and 10.66 mm for dielectric, inductive strip grid and capacitive slot grid based MTS respectively). The 1 dB directivity BW is 3.86% for dielectric, 3.51% for the inductive and 3.3% for the capacitive case respectively. based LWA. This iris can also be used to match the reflection coefficient of the antenna. Fig. 11 presents simulated directivities versus the frequency. All the cases present higher directivities with respect to the theoretical results of Fig. 9 due to the inclusion of an actual source feeding the LW cavity. The capacitive case presents also a small frequency shift. Even with the inclusion of the source and suppression of the mode, the inductive LWA presents higher directivities over comparable bands. The values of the maximum directivities for each case are summarized in Table II for  the central frequency GHz. The radiation patterns for each design are shown in Figs. 12 and 13 for the E-and Fig. 12 .
Comparison of CST simulated radiation patterns for the equivalent structures described in Fig. 11 at the frequency with highest directivity. Fig. 13 .
Comparison of CST simulated radiation patterns for the equivalent structures described in Fig. 11 at the frequency with highest directivity.
H-plane, respectively, at the frequency at which the directivity is the highest.
IV. EXPERIMENTAL VERIFICATION
In order to validate the claim of the paper, we have fabricated and measured two prototypes: the dielectric and the inductive based LWA. The dielectric material used for the super-layer is AR1000 with permittivity and a thickness of 1.57 mm. The operation frequency is set to 14.375 GHz. Fig. 14 shows the designed transition, together with the geometrical parameters, from a squared waveguide to a standard rectangular waveguide, necessary for measuring the manufactured prototype. Both manufactured LWA will use the same waveguide feed for simplicity. The MTS has been printed on a Kapton layer (with 0.05 mm thickness and ). This is a flexible material that has been supported by a thin foam layer (with 3 mm thickness and ) for the prototype. The inclusion of these layers alters the leaky wave propagation constants for the MTS case. This change can be easily compensated by modifying the cavity dimensions and strip dimensions. To this purpose, we have calculated the solution of the dispersion equation associated with the transmission line model shown in Fig. 15 . The new cavity dimension is mm and the width of the strip has changed from the original value of 0.94 mm to 1 mm. By changing these parameters, we have been able to obtain the same leaky wave propagation constant as the free standing MTS based LWA, as it is detailed in Table III .
The simulated radiation patterns of the two prototypes are presented in Fig. 16 . The total antenna size is 9.91 9.91 . We have also included the losses (i.e., for the foam is ) and thickness of metals in the simulations. From the simulations a clear increase in directivity is observed for the inductive strip grid based MTS based LWA. This increase is approximately 1.6 dB. The simulated directivity in the frequency band is shown in Fig. 17 . 
A. Study of the Fabrication Tolerances
Before starting the fabrication of the prototypes, a complete analysis of the fabrication tolerances was carried out. The most critical parameters are associated with the highly resonant cavity. The first critical parameter is the height of the cavity . The impact of the height of the cavity over the radiated fields was already reported in [30] . A variation in our design of around % (i.e., in the inductive strip grid based MTS LWA) decreases the directivity around 2 dB and moves the resonance at lower frequencies whilst a small variation of % decreases the directivity around 1 dB and moves the resonance at higher frequencies. It is worth noting that this parameter has also an important impact on the reflection coefficient. The second parameter that has been studied is a tilt angle of the MTS layer. We have done several simulations of the MTS antenna varying this angle. This parameter affects more strongly the radiation pattern than the matching of the reflection coefficient compared to the other parameters. The effect of this parameter over the radiation pattern is a loss of directivity and a deviation of the pointing angle as this alters the phase distribution over the antenna aperture. A small deviation of 0.3 deg in this design of 9.91 9.91 represents a loss of directivity of around 1 dB and a misalignment of the main lobe of around 5 deg. Taking into account these considerations, we have built and measured the prototype to the best of our laboratory facilities.
B. Measurements
The fabricated prototypes are shown in Fig. 18. Fig. 19 shows the measured gain as a function of the frequency. A frequency shift with respect to the simulated directivity shown in Fig. 17 has been measured for both the dielectric and inductive based LWAs. The height of the cavity is a sensitive parameter in this type of antennas, and it has to be manually adjusted during the measurements. A more accurate fabrication process would resolve this shift. Despite that, the dielectric and inductive measured gain presents same BW of around 2.52%. The maximum gain is measured at GHz. At this frequency the dielectric super-layer and inductive strip grid based MTS antenna have 16.6 dB and 19.6 dB of directivity respectively (see Fig. 20 ). Fig. 20 shows the measured radiation patterns for the two prototypes in the main planes at GHz. It is evident that the measured radiation patterns agree quite well with the simulated ones, despite the measured frequency shift.
The measured is shown in Fig. 21 for both, dielectric and inductive strip grid based MTS cases. In the same graph, the results from full wave simulations are included for comparison purposes. Both antennas present comparable frequency bandwidths. The agreement is quite satisfactory and no significant frequency shift is observed in this case. The measurement campaign for the Fig. 21 has been done at a different measurement facility. We believe that the cavity height was not placed at exactly the same position than in the radiation pattern measurements.
V. CONCLUSION
In this work, we have rigorously compared the performances of LWAs based on dielectric superlayers with LWAs based on inductive strip and capacitive slot grid based MTS by imposing an equivalence in terms of the fundamental TE/TM modes. This equivalence ensures that the three antennas have comparable frequency bandwidths and levels of mutual coupling if they were to be used in array configurations. We have found that the inductive strip grid based MTS leads to the highest directivity enhancement for the same bandwidth. The radiation patterns have a higher roll-off of the radiation pattern by cause of the symmetrical leaky wave modes and the suppression of a spurious large angle leaky-wave mode. The suppression of this mode is demonstrated rigorously with simple and controllable closed form formulas.
Numerical full wave analysis and experiments have confirmed the theory showing an improved directivity of more than 1 dB with the same frequency band of operation. This improvement is especially significant for thinned phased arrays and focal plane arrays based on LWA elements.
APPENDIX A APPROXIMATE FORMULAS TO COMPUTE THE MODE
In this Appendix, we present the methodology to derive an approximate analytical formula for calculating the propagation constant. The dispersion equation that we would like to solve is the one given in (5) for the three configurations shown in Fig. 1 . Approximating the function around its zero, one arrives to the following dispersion equation: (13) In order to derive an analytical solution, we need to provide an approximate but accurate expression for the load impedance . We can do this by recalling that the modes in a LWA resemble those of the equivalent PPW. In a PPW, the TEM mode transverse propagation constant is . Therefore, when looking for the solution of the mode, we can approximate by its value around . This is done in the following for three specific cases shown in Fig. 1 .
A. Dielectric Superstrate
In this case, the load impedance is given by . For , the dielectric characteristic TM impedance becomes and . Substituting these approximations into (13) , one arrives to the following formula of the longitudinal propagation constant for the mode:
B. LWA Based MTS
For the MTS cases, the load impedance is calculated by . Substituting this expression in (13), leads to (15) Thus one solution is , and other two solutions come from the following equation (16) For inductive strip grid based MTS, the impedance is given by (1) , which in the E-plane can be written as (17) This expression can be replaced in (16) , giving rise to two solutions: again and . This second solution is non-physical. Therefore the only possible solution for the inductive strip grid based MTS is . In the capacitive slot grid based MTS case, the impedance in the E plane is the following (18) Replacing this expression into (16) 
